Introduction {#Sec1}
============

The potential use of stem/progenitor cell-based replacement strategies to treat neurodegenerative diseases is the subject of intensive research. The cell transplantation, aimed at restoring the central nervous system (CNS) function, might either directly replenish the local cellular deficit or support the process of endogenous neurogenesis. Advances in stem cell (SC) biology revealed that their therapeutic effect could be attributed to their ability to secrete numerous active compounds (complement, cytokines, chemokines, trophic factors), which modify the local microenvironment making it more permissive to restorative processes \[[@CR1]--[@CR3]\]. The instructive paracrine signals could contribute to attenuating local inflammatory process, neuroprotecting from cell death, recruiting endogenous progenitors and regulating cell commitment and differentiation.

In the neurogenic niche of adult mammalian brain, self-renewing neural stem cells (NSCs) reside at subventricular zone (SVZ) and subgranular zone within the hippocampus (SGZ) \[[@CR4]--[@CR7]\]. The oligodendrocyte progenitor cells (OPCs, also known as NG2 cells) are present at relatively high amounts among the cycling cells inhabiting SVZ. Moreover, OPCs are present in immature and adult CNS, where they constitute the major population of dividing cells \[[@CR8]--[@CR11]\]. Those glia-committed progenitors were actually shown to exhibit many features of SCs. They are multipotential \[[@CR12], [@CR13]\], gathering SC migratory and proliferative potential throughout the lifespan \[[@CR14]--[@CR17]\]. It was also shown that OPCs are mobilized and expand in response to various chemical, immunological or traumatic injuries \[[@CR18]--[@CR21]\].

In our previous study, the crucial role of the local microenvironment in the fate-decision and OPC maturation has been shown \[[@CR13]\]. The direct contact with, or the close vicinity of either the hippocampal or the spinal cord organotypic slices efficiently promoted neurogenesis, however to a diverse extent. The effect was almost entirely eliminated in the microenvironment conditioned by traumatized tissue, subjected to oxygen-glucose deprivation (OGD) injury. The presence of numerous instructive signals in milieu determines the cell proliferation, its commitment, differentiation and survival. Taking into consideration that neurons and glia are functionally interdependent, the oligodendrocyte-derived compounds are believed to contribute to local tissue homeostasis as well. Oligodendrocytes are known to be a source of trophic factors (e.g., BDNF, NGF, NTF-3), which could influence the adjacent cells \[[@CR22]--[@CR24]\]. Presumably, their precursors also secrete numerous factors which vary during cell development providing temporal instructive signals and contributing to neurorestorative processes. To verify that OPCs respond to environmental signals provided by traumatized tissue, we have established co-cultures of naïve, neither propagated nor further stimulated NG2 cells with ischemically injured organotypic hippocampal slices. This indirect co-culture system allows us to evaluate a potential neuroprotective effect of oligodendroglial progenitors on trauma-triggered neuronal death.

Experimental Procedures {#Sec2}
=======================

Isolation of Oligodendroglial Progenitors {#Sec3}
-----------------------------------------

Mixed glial primary cell cultures were established from the extracted cerebral hemispheres of neonatal Wistar rats Cmd:(WI)WU, bred in the Animal Care Facility of Mossakowski Medical Research Centre. The detailed procedure, approved by IV Local Ethics Committee on Animal Care and Use (Ministry of Science and Higher Education), was performed as described previously \[[@CR23]\]. Briefly, the dissected tissue was dispersed mechanically in Hank's Buffered Salt Solution (Invitrogen, Carlsbad, CA, USA) and filtered through a 41-μm Hydrophilic Nylon Net Filter (Millipore, Bedford, MA, USA). Then the cell suspension was spun down (1,500×*g*, 10 min) and plated into 75-cm^2^ culture flasks (NUNC, Naperville, IL, USA). Adherent cells were cultured in Dulbecco's medium (high glucose) (Gibco) supplemented with 10 % fetal bovine serum and penicillin--streptomycin solution (Sigma). After 10--14 days in vitro (DIV), the mixed cultures were used for separating the particular glial fractions on the orbital shaker SSM1 (Stuart). Accordingly, the microglia was removed during 1 h shaking (180 rpm). Then, after replacing the medium, the oligodendroglial progenitor fraction was gently detached by shaking the cultures for the following 15--18 h and spun down (1,500×*g*, 10 min). The sediment was mechanically dispersed with the 22-μm needle and filtered through 41-μm pore membrane. The suspended cells were seeded at 2×10^5^/cm^2^ density on poly-[l]{.smallcaps}-lysine-coated 6-well plates (NUNC) and cultured in serum-free F12/DMEM medium (Gibco). In control experiments, the isolated OPCs were labeled with Green CellTracker CMFDA (5-chloromethylfluorescein diacetate) (Life Technologies) \[[@CR13]\] prior to seeding to verify possible contamination of the cultured cells with those derived from hippocampal slices.

Organotypic Hippocampal Culture (OHC) {#Sec4}
-------------------------------------

Seven- to 8-day-old Wistar rat isolated brains were used for the preparation of organotypic hippocampal culture. The procedure based on a modified method previously invented by Stoppini and collaborators \[[@CR25]\] was approved by IV Local Ethics Committee on Animal Care and Use. Rat hippocampi were cut into 400-μm slices using McIlwain tissue chopper and transferred to Millicell-CM (Millipore) membranes placed in 6-well plates (NUNC). The culture medium was initially composed of DMEM (50 %), horse serum (25 %) HBSS (25 %), as well as HEPES, 5 mg/ml glucose, 2 mmol/l [l]{.smallcaps}-glutamine and antibacterial--antimycotic solution (1 % amphotericin B and 0.4 % penicillin--streptomycin) (Gibco). In the following 5 DIV, the serum content in culture medium was gradually lowered and from the 6th DIV onwards the hipoccampal slices were cultured in serum-free conditions. On the 7th DIV, the slices were used for OGD procedure and co-culture experiments.

Model of Temporary Oxygen-Glucose Deprivation {#Sec5}
---------------------------------------------

For the OGD procedure, the membranes with hippocampal slices were transferred to an anaerobic chamber and inserted into Ringer solution supplemented with 10 mM mannitol (as the glucose substitution) and saturated with 95 % N~2~ and 5 % CO~2~. The cultures were kept in an oxygen-free atmosphere (95%N~2~/5%CO~2~) for 40 min in order to mimic an ischemic injury. Simultaneously the control slices were maintained in glucose-containing Ringer solution in normoxic conditions. OGD-triggered cell death was tested 24 h after injury and hippocampal slices with significant degree of tissue damage were selected for co-culture experiments with NG2-positive OPCs to evaluate their predicted neuroprotective features.

Determination of Cell Death Rate in Organotypic Hippocampal Slice Culture {#Sec6}
-------------------------------------------------------------------------

The fluorescent marker propidium iodide (PI) was used to quantify cell death in control and the OGD-subjected OHC. The culture medium was supplemented with PI at 24 h prior to the pre-selection of the slices, as well as throughout the entire co-culture period. The high-resolution fluorescent images acquired by confocal microscope (Carl Zeiss LSM 510) equipped with ZEN 2008 software were converted into grayscale. Tissue damage was measured in the cornu ammonis (CA) region, which is relevant to neuronal death, according to the previously established formula \[[@CR26]\].

Model of Indirect Co-culture of OPCs and Organotypic Hippocampal Slices {#Sec7}
-----------------------------------------------------------------------

The purified NG2-positive OPCs were left adhering to poly-[l]{.smallcaps}-lysine-coated cover slips for 1 h and subsequently they were used for setting up the co-culture experiments with either intact (OPC/H) or OGD-injured (OPC/OGD) hippocampal slices. Accordingly, the Millicell-CM membranes, each containing four slices, were transferred to the plates with NG2-positive cells and co-cultured in close indirect contact for the following 7 DIV in serum-free DMEM supplemented with antibiotic solution AAS (Gibco). The culture medium was changed every second day. On the 7th DIV, the slices were treated with 4 % PFA for 20 min and used for immunohistochemical assays.

Cell Proliferation Assay {#Sec8}
------------------------

Cell proliferation assay was based on 5-bromo-2′-deoxyuridine (BrdU) incorporation into the newly synthesized DNA of replicating cells. Shortly after the co-cultures were settled, 5 μM BrdU (Sigma) was added to the culture media for 48 h. After 7 DIV, the slices were fixed with 4 % paraformaldehyde (PFA), washed three times with PBS and then treated on ice with 95 % methanol for 10 min. After three washes with PBS, cells were permeabilized with 2 N HCl for 10 min at room temperature. The acid was washed away and neutralized with 0.1 M sodium borate for 5 min at room temperature twice. After rinsing with PBS, the slices were incubated in blocking buffer containing 10 % goat serum and 0.1 % Triton X-100 for 1 h at room temperature. The primary monoclonal anti-mouse antibody against BrdU (1:200; BD Pharmigen, San Diego, CA, USA) was applied for the overnight incubation at 4 °C. After washing the slices with extensive amounts of PBS, they were exposed to Alexa 488-conjugated secondary anti-mouse antibody (1:1,000; Molecular Probes) for 1 h. After the proliferation assay, the next steps of immunohistochemical staining were taken for the marker co-localization studies.

Immunocytochemistry {#Sec9}
-------------------

Hippocampal slices fixed with PFA were kept in blocking solution (PBS containing 10 % normal goat serum) for 1 h at 25 °C (RT). For cytoskeletal staining, hippocampal slices were permeabilized with 0.01 % Triton for 20 min then the primary antibodies were applied and incubated overnight at 4 °C. To analyze the multiple cell-types and their developmental stages the antibodies identifying different markers were used. To visualize neural stem/precursor cells anti-Nestin (1:250; R&D Systems) and anti-A2B5 (1:500; Chemicon) antibodies were used. The detection of oligodendrocytes was provided by the use of rabbit polyclonal anti-NG2 (1:200; Chemicon, Temecula, CA) and anti-PDGFRα (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), as well as monoclonal anti-mouse against O4 (1:200; Sigma) and GalC (1:200; Chemicon) antibodies. To identify neuroblasts and differentiating neurons: rabbit polyclonal anti-PSA-NCAM (1:200; Santa Cruz Biotechnology), anti-TUJ1 (β-tubulin III) (1:500, Sigma) and anti-MAP2 (1:500; Pharmingen, San Diego, CA, USA) Abs were applied. Rabbit polyclonal antibodies either anti-S100b (1:2,000; Swant) or anti-GFAP (1:500; Dako, Denmark) served as astrocyte markers. The antibody against Ki67 (1:100; Novocastra, Newcastle Upon Tyne, UK) was used as the indicator for proliferating cells. Additionally, the potential expression of macrophage/microglia markers was estimated by applying goat polyclonal antibody Iba1 (1:500, Santa Cruz) and mouse monoclonal antibody ED1 (Serotec). After the rinsing procedure with PBS, the floating slices were incubated with appropriate secondary antibody conjugated to either Alexa-488 or Alexa-546 (1:1,000; Molecular Probes) for 1 h at room temperature. To control the specificity of the antibodies immunocytochemical staining was performed omitting either the primary or the secondary antibody. Additionally, cell nuclei were visualized by incubating with 5 μm Hoechst 33258 (Sigma) for 20 min. Different cell subpopulations were examined and counted using an Axiovert 25 fluorescence microscope, equipped with Videotronic CCD-4230 camera and Axiovision software (Carl Zeiss, Jena, Germany). The confocal microscope (Carl Zeiss LSM 510) with argon (488 nm) and helium--neon (543 nm) lasers, as well as the ZEN 2008 software served for the purpose of analyzing the labeled hippocampal slices.

Reverse Transcription and Quantitative Real-Time RT-PCR Analysis {#Sec10}
----------------------------------------------------------------

The samples containing 1 μg of total RNA by Trizol reagent-extracted total RNA were reverse transcribed using High Capacity RNA-to-cDNA Kit (Applied Biosystems), according to the manufacturer's instructions. Quantitative real-time PCR analyses of cDNA samples (30--80 ng) with designed specific primers (Table [1](#Tab1){ref-type="table"}) and SYBR Green PCR Master Mix (Applied Biosystems) were performed in ABI Prism 7500 Sequence Detection System. Reaction parameters were as follows: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The dissociation curve was plotted to determine the specificity of amplification. The resulting products were separated against Low Range DNA Ladder (Fermentas) in 1.5 % agarose gel to verify their size and purity. The samples were collected in at least four independent experiments. Each sample was tested in triplicate during three analyzing sessions. The fluorescent signals from specific transcripts were normalized against that of the β-actin gene and calculated as the means of threshold cycle values (ΔCt) or were quantified as fold changes by the 2^−ΔΔCt^ method \[[@CR27]\].Table 1List of designed primers used in reverse transcription and quantitative real-time RT-PCR analysisGeneAccession no.Forward primer sequenceReverse primer sequenceProduct length (bp)*BDNF*NM_012513CGGCTGGTGCAGGAAAGCAATCAGGTCACACCTGGGGCTG136*GAPDH*NM_017008AGGGTGGTGGACCTCATGGCAGTGCTCAGTGTTGGGGGCT145*Actb*NM_031144TCTTGCAGCTCCTCCGTCGCACGATGGAGGGGAAGACGGC150*Il10*NC_005112AGTGATGCCCCAGGCAGAGAACCTGCTCCACTGCCTTGCT147*IGF-1*NC_005106.2CAGCATTCGGAGGGCACCACCATGTCAGTGTGGCGCTGGG145*GDNF*NM_019139.1AAGGTCGCAGAGGCCAGAGGTCTCGGCCGCTTCACAGGAA144

RT^2^ Profiler ™ PCR Array {#Sec11}
--------------------------

Real-time PCR assays for the expression of a selection of rat trophic factors (SABioscience) were performed following the manufacturer's instructions, then detected and analyzed as described above.

Neutralization of the Secreted Factors {#Sec12}
--------------------------------------

In blocking experiments, the specific antibodies characterized by their ability to neutralize the extracellular compounds were applied. The moment the co-cultures had been established, one of the selected antibodies: the anti-BDNF (Millipore), anti-IL-10 (Abcam) or anti-SCF (Sigma) was added in an excessive amount (10 μg/ml) to the media for a period of 48 h.

Quantitative Measurement of Protein Concentration {#Sec13}
-------------------------------------------------

To estimate the amount of proteins present in differentiating NG2-positive cells, the hippocampal slices and in co-culture media, the following tests were applied according to the supplier's instructions: the ChemiKine Brain Derived Neurotrophic Factor, Sandwich ELISA (Millipore), IL-10 Rat ELISA Kit (Invitrogen) and Rat Stem cell factor/mast cell growth factor ELISA Kit (Wuhan EIAab Science). The hippocampal slices and trypsinized cells were gently homogenized in CelLytic™ MT cell lysis buffer (Sigma) supplemented with protease inhibitor cocktail (Sigma). The concentration of protein was determined by the modified Lowry method \[[@CR28]\], using DC Protein Assay (Bio-Rad). The co-culture media were collected, then concentrated 30-fold and desalted by centrifugation at 3,000×*g* (30 min) using Spin-X UF concentrator (Corning) filter (molecular weight cutoff, 10 kDa). After performing the Sandwich ELISA assay, the plates were read at 450 nm using a spectrophotometric plate reader Fluorostar Omega (BMG LabTech).

Statistical Analysis {#Sec14}
--------------------

The GraphPad PRISM 5.0 software was used for the statistic analysis of the received data. The one-way analysis of variance (ANOVA) followed by the Bonferroni's multiple comparison test was done to collate all the examined groups. All values were expressed as mean ± SEM. The calculated differences were marked as the significant if: \**p* \< 0.05, \*\**p* \< 0.001.

Results {#Sec15}
=======

The major goal of the designed study was to investigate the predicted neuroprotective effect of the glia-committed NG2-positive cells on injured brain tissue. To avoid any additional stimuli, the NG2 cells were isolated from the primary culture (\~97--98 % viability at the end of the procedure), shortly purified and used---without any further propagation---for the co-culture experiments together with the intact and OGD-exposed hippocampal slices. As described in detail in our previous study \[[@CR13]\], the protocol used in our laboratory allows us to obtain a homogenous population of oligodendroglial progenitors (Fig. [1](#Fig1){ref-type="fig"}) with the established immunocytochemical characteristic of cell-specific markers: NG2^+^ (98 ± 3.31 %), PDGFRα^+^ (95 ± 2.78 %), A2B5^+^ (96 ± 5.25 %) and CNP^+^ (79.48 ± 2.78 %). The cells, not further propagated, during 5 DIV quickly differentiate into a homogenous population of oligodendrocytes expressing myelin markers. In control experiments, the differentiation of CMFDA-labeled cells both in monoculture, as well as in co-culture with organotypic slices were assessed to exclude the possibility of contamination of OPC fraction with the cells derived from slices. At the very beginning of the presented work, the differentiation of NG2^+^ cells in co-cultures with the OGD-subjected slices was examined at 24, 48 and 72 h after injury to find out if the potential neuroprotective effect is exerted by progenitors or mature cells. The immunocytochemical analysis allowed us to determine that the cell differentiation proceeds slowly during the first 3 days after implementing the NG2-positive cells into the microenvironment of hippocampal slices continuously conditioned by injured tissue. During 1--3 DIV, the OPC population visualized in culture was appreciably abundant (i.e., from 93.9 ± 5.21 % after 24 h to 74.15 ± 3.3 % of NG2-positive progenitors after 72 h in vitro), although their morphology was much more complex (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1Adherent dividing population of OPCs used for co-culturing with organotypic hippocampal slices. **a** Phase contrast microscopy of freshly isolated and purified OPCs. **b** Oligodendrocyte progenitors 6 h after seeding on uncoated glass cover slips: specific immunodetection of NG2 (*green*) and CNP (*red*) antigens. **c**, **d** Dividing OPCs cultured for 24 h: NG2 (*green*) and Ki67 (*red*) markers. Cell nuclei (*blue*) are stained with Hoechst 33258. Scale bar = 50 μmFig. 2Quantity of OPC population during 1-week co-culture with hippocampal slices subjected to the OGD injury: **a**--**i** phase contrast and NG2 (*green*), Ki67 (*red*) and Hoechst 33258 (*blue*) immunostaining of dividing and differentiating cells. **a**--**c** Freshly isolated and seeded NG2^+^ cells during first 24 h in vitro. Single, dividing cells with a few projections are present. **d**--**f** After 48 h in vitro, cells are characterized by still high proliferation rate and by more complex morphology. **g**--**i** In developing oligodendrocyte fraction, in 72 h in vitro, NG2-positive cells still predominate, are able to divide and elaborate highly branched processes. Scale bar =50 μm. **j** Gradual decline in OPCs population during 7 DIV

OPCs Enhance the Viability of Hippocampal Cells Exposed to OGD {#Sec16}
--------------------------------------------------------------

To mimic in vitro an ischemic brain insult, the organotypic hippocampal slices were exposed to OGD, which caused severe tissue damage. A gradual increase in cell death was observed in OHC in the following 3 days after the OGD procedure. Twenty-four hours after the insult, 44.1 ± 9 % of cells in CA layers were strongly PI-positive (Fig. [3a](#Fig3){ref-type="fig"}). The examination of PI staining in OHC-OGD, co-cultured with OPCs after the insult, revealed a significantly reduced number of dead cells. The best effect was observed 24 h after the co-culture was set-up and it manifested itself as a decrease of dead cell number by 62 ± 9.74 % as compared to the injured slices cultured without the presence of OPCs. The neuroprotective influence of NG2-positive cells was also significant at the other examined time-points, i.e., 48 and 72 h after insult and it resulted in reducing the dead cell number by approximately 42 % and 55 %, respectively.Fig. 3Evaluation of neuroprotective properties of oligodendroglial progenitors. **a** PI incorporation into CA region of the hippocampal slices. Co-culture with OPCs results in the significant decrease in the amount of dead cells. **b** The effect of 7 DIV co-culture on new cell formation. All data were expressed as mean ± SEM; statistical significance: \**p* \< 0.05, \*\**p* \< 0.001

OPCs Increase the Number of Newly Formed Cells in OHC-OGD Slices {#Sec17}
----------------------------------------------------------------

Shortly after OGD insult, BrdU was added to the culture media to assess the cell proliferation rate. Visualization of BrdU incorporation into the newly synthesized DNA of the replicating cells allowed us to identify and to quantify the cells born in the next 48 h after OGD. In the OGD-injured hippocampal slices, the number of newly generated cells decreased to 68.49 ± 9.35 % in comparison with intact OHC. And conversely, significant increase in the number of BrdU-positive cell was observed in control and OGD-subjected OHC slices co-cultured with OPCs (to 132.81 ± 11.69 % and 151.6 ± 20.45 %, respectively) (Fig. [3b](#Fig3){ref-type="fig"}). This striking finding led us to take a further step in the study, which was to prolong the co-culture up to 7 DIV and to carry out histochemical immunodetection using a panel of cell type and developmental stage-specific antibodies to determine the nature of the newly generated cells. As could be anticipated, the cells generated during the 7-day-long co-culture were predominantly still at their neural precursor stage (Fig. [4](#Fig4){ref-type="fig"}). Interestingly, the co-culture with OPCs stimulated the formation of NG2-positive cells in both the intact and injured slices. A few GFAP-expressing cells could also be found in each slice in these co-culture settings. Another noteworthy observation concerned the numerous cells which participate in immunological response (Iba1^+^) which were formed in the presence of OPCs (Fig. [4](#Fig4){ref-type="fig"}). These findings pointing to the neuroprotective effects of OPCs led to a further question about the factors involved in the observed events.Fig. 4BrdU-positive cells (*green*) generated during the 7 DIV culturing of hippocampal slices (control and OGD-subjected) are predominantly neurally committed. Besides the neural progenitors, the cells engaged in the immunological response could be found. Scale bar = 50 μm

The Analysis of Cytokine and Trophic Factor mRNA Levels {#Sec18}
-------------------------------------------------------

Cell death prevention together with the increase of cell proliferation rate in the injured hippocampal slices were observed in indirect co-culture, suggesting the involvement of soluble factors released into the culture medium by oligodendroglial progenitors. The quantitative PCR screening for a wide range of trophic factors and cytokines revealed that OPCs are the potential source of a number of active factors regulating the crucial processes like proliferation, differentiation and cell survival (Fig. [5a,b](#Fig5){ref-type="fig"}). Moreover, relatively high level of interleukins (IL-1 beta, Il-6 and IL-10) was noticed during analysis of the mRNA expression in progenitor cells (Fig. [5b](#Fig5){ref-type="fig"}). Their expression by OPCs is of great interest in the context of potential immunomodulatory function exerted by these progenitors. Noteworthy, the high amount of the IL-1 receptor mRNA was found in OPCs, which supported the hypothesis concerning the engagement of these cells in the immunological response.Fig. 5Relative expression of mRNA specific for trophic factors (**a**) and cytokins (**b**) in OPCs. All values are calculated versus β-actin expression as the endogenous control (ΔCt), estimated for each measurement

Neuroprotective Effect of BDNF and IL-10 Released by OPCs {#Sec19}
---------------------------------------------------------

Among the expressed factors, the BDNF and IL-10 seemed to be presumably the most potent protectants. To address this issue, the experiments based on either BDNF or IL-10 blocking with the specific antibodies were carried out. Additionally, the neutralization of SCF was performed for the purpose of verifying the hypothesis assuming that OPCs had in fact the features of neural SCs. What we first observed was that the number of dead cells increased several folds in comparison to control after any of the selected blocking antibodies had been added to the co-cultures (Fig. [6](#Fig6){ref-type="fig"}). It, however, never reached the amounts observed in OGD-subjected hippocampal slices. Other important results came from the immunohistochemical analysis, which revealed the striking depletion of NF200-positive neurons in the slices blocked with anti-BDNF antibody (Fig. [7a](#Fig7){ref-type="fig"}). What is noteworthy is that this reduction is characteristic for the OGD-subjected slices both cultured alone or in close vicinity of OPCs, suggesting that at least part of the neuroprotective BDNF is released by the slices themselves. In this regard, the quantitative measurement of the BDNF amount had been performed showing that its concentration arrives at 52.69 ± 1.6 pg in control slices, 43.09 ± 1.79 pg in injured slices, 23.438 ± 4.76 pg in freshly isolated OPCs, and 30.88 ± 5.35 pg in differentiating progenitors on third DIV, as calculated per mg of total protein content (Fig. [7b](#Fig7){ref-type="fig"}).Fig. 6Evaluation of cell death in CA region of hippocampal slices after 48 h co-culture with OPCs (using PI staining). The neuroprotective effect exerted by OPCs is significantly diminished after blocking the secreted factors with the specific antibodies. All the values were expressed as mean ± SEM. The statistical differences of the data analyzed is \*\**p* \< 0.001Fig. 7The effect of secreted BDNF on cultured hippocampal slices. **a** Neutralization of BDNF diminished the number of NF200-positive neurons, abolishing the neuroprotective role of this factor. Immunostaining of hippocampal organotypic slices: neuronal marker NF200 (*green*), dead cell indicator PI (*red*), cell nuclei tracker Hoechst 33258 (*blue*).Scale bar =200 μm. **b** The measurement of BDNF concentration in control hippocampal slices (*Hcontr*), hippocampal slices subjected to OGD procedure (*HOGD*), oligodendroglial progenitors (*OPC*) and mature oligodendrocytes (*OLS*). The statistical differences of the data analyzed is *p* \< 0.05

The Effect of BDNF, SCF and IL-10 Secreted by OPCs on Hippocampal Cell Proliferation {#Sec20}
------------------------------------------------------------------------------------

The significant increase observed in the cell death after blocking the BDNF, IL-10 or SCF prompted us to verify the number of newly generated cells. The performed analysis showed interesting results. While blocking BDNF in control hippocampal slices resulted in reduced number of BrdU-positive cells (to 53.89 ± 9.73 % of control value), the neutralization of either SCF of IL-10 had no significant effect on the newly generated cells (Fig. [8](#Fig8){ref-type="fig"}). Contrarily, blocking each of the tested factors led to down-regulation of the BrdU^+^ cell number in OHC co-cultured with OPCs, suggesting that all the IL-10 and SCF are derived from the oligodendrocyte-biased progenitors (Fig. [8](#Fig8){ref-type="fig"}). The subsequent quantification of those factors by Sandwich ELISA test revealed OPCs indeed produce them. Determination of rat SCF indicated its endogenous concentration in oligodendrocyte progenitors at the level of 66.58 ± 18.63 pg per mg of total protein content, however analysis of concentrated culture media show reactivity at the edge of the kit sensitivity and therefore was not taken into consideration. Interestingly, while endogenous IL-10 content were shown to vary in range of 1.023--4.74 μg/mg of the total protein content (independently on the type of co-culture), it increased in culture media in response to OGD injury. Amounts of IL-10 in media conditioned by OPCs cultured alone for 48 h achieved 74.85 ± 4.68 pg/ml (vs. 17.23 ± 10.93 pg/ml in media conditioned by maturating, GalC-positive oligodendrocytes). When OPCs were co-cultured with control OHC and those subjected to OGD procedure, the content of IL-10 in media increased to 106.94 ± 48.32 and 140.96 ± 17.30 pg/ml, respectively (Fig. [9a](#Fig9){ref-type="fig"}).Fig. 8The effect of blocking the selected factors for the initial 48 h of co-culture on the new cell formation. **a** The amounts of the BrdU-positive cells in the OGD-injured hippocampal slices cultured with OPCs are compared with those counted in the control slices, after neutralization of each of the selected factors, respectively. Statistical significance of the data analyzed is \**p* \< 0.05, \*\**p* \< 0.001. **b** Co-localization of BrdU- and ED1-positive cells in OHC/OGD slices co-cultured with OPCs for 7 DIV. Scale bar corresponds to 200 μmFig. 9OPCs influence the immunological response. **a** Quantification of IL-10 amounts in culture media by Sandwich ELISA tests. **b** Co-localization of newly formed BrdU-positive cells (*red*) and ED1 marker (*green*) in OHC/OGD slices co-cultured with OPCs for 7 DIV. Scale bar corresponds to 200 μm

OPCs Enhance Formation of the Cells Associated with Immunological Response {#Sec21}
--------------------------------------------------------------------------

The immunohistochemical examination revealed that co-culturing of the slices injured by the OGD procedure with OPCs led to proliferation of the cells engaged in the immunological response (Fig. [9b](#Fig9){ref-type="fig"}). The over 2-fold increase in the ED1^+^ cell number (23.02 ± 4.41 % vs. 9.01 ± 3.86 % in controls), together with a similar amount of Iba 1-positive cells (20.14 ± 2.8 % vs. 7.45 ± 4.9 %) which co-localize with BrdU tracer were noted (Figs. [4](#Fig4){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"}). In blocking experiments, only the neutralization of the IL-10 led to a significant decrease in the number of newly formed Ed1^+^ cells (16.78 ± 4.12 % of newborn cells).

Discussion {#Sec22}
==========

Recent advances in SC investigation efficiently contribute to designing strategies for promoting CNS repair from either the transplanted or endogenous progenitors. The oligodendroglial progenitors are ranked among the most likely candidates for cell replacement therapies, especially in disorders and injuries triggering hypo/dysmyelination \[[@CR29]--[@CR31]\]. Their main function in development is to form and regulate the turnover of the CNS myelin. In adult brain, these glia-committed precursors can originate from SVZ \[[@CR32]--[@CR34]\], however they are also known to be scattered uniformly at low density throughout the white (8--9 % of cells) and gray (2--3 % of cell content) matter \[[@CR8]\]. Over the last decade, OPCs have become the focus of intense research proving that they actually meet some of the neural SC criteria.

Stem Cells Confer Trophic Support {#Sec23}
---------------------------------

One of the most interesting qualities of SCs is their ability to respond to different CNS injuries \[[@CR35], [@CR36]\] and to express a broad range of trophic factors. They could be used for therapeutic purposes as a means of modulating the local inflammatory processes in addition to or instead of pharmaceutical treatment \[[@CR37], [@CR38]\] and stimulating tissue repair by the recruited residual progenitors or by the grafted SCs themselves \[[@CR39], [@CR40]\]. Most recently, the neural SC grafts was proved to be effective in counteracting hippocampal injury-mediated impairments in mood, memory, and neurogenesis \[[@CR41]\]. To date, the cell-derived trophic support has been successfully used in disease treatments by cord blood, bone marrow, adipose, etc., SC transplantation \[[@CR42]--[@CR46]\]. However, the use of undifferentiated SCs in clinical trials might be hampered by the pitfalls of neoplasia or tumorigenesis \[[@CR47]--[@CR49]\]. The application of committed precursors in order to acquire desired phenotype(s) and to retain certain properties of SCs at the same time seems to be the reasonable solution.

Oligodendrocytes are also known to be the source of certain trophic factors contributing to the composition of the local microenvironment \[[@CR22], [@CR50], [@CR51]\]. To answer the question whether their progenitors could secrete the compounds modulating the surrounding tissue, the microarray screening was performed. In our experiments, OPCs were shown to express the mRNA for a variety of growth factors and cytokines known to be crucial regulators to key cell functions. After analyzing the results, three factors regulating different processes were selected for further studies: BDNF, IL-10 and SCF. Blocking experiments followed by the examination of the cell survival and proliferation were performed with the aim of determining whether the proteins are actually synthesized and secreted by OPCs and whether they actively contribute to the locally occurring processes.

OPCs Exert Neuroprotective Properties by BDNF Secretion {#Sec24}
-------------------------------------------------------

BDNF belongs to a family of neurotrophins which consists of structurally related polypeptide growth factors and includes other well recognized members: the nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4/5). These factors are known to have been involved in neuronal survival, their growth, migration and adhesion in the CNS via the activation of the high-affinity tropomyosin-receptor kinase (Trk) receptor \[[@CR52]--[@CR54]\]. In our co-culture experiments, the OPCs-derived BDNF had a strong neuroprotective effect on the injured hippocampal slices, saving the young NF200-positive neurons from cell death. The secreted BDNF also provided the stimulus for the neurogenesis, which manifested itself by the increase of newborn neurons in both control and injured slices. The higher synthesis of BDNF in differentiating oligodendrocytes and their neuroprotective or neurogenic effects can already be achieved at 5 pg/ml concentration (as measured in culture media), which might be a valuable source of information when designing the post-injury pharmacological treatment.

Immunomodulatory Effect of IL-10 {#Sec25}
--------------------------------

Interleukin 10 is renowned for its immunoregulatory function, modulating the synthesis and secretion of pro-inflammatory cytokines, i.e., IL-1β, IL-6, IL-8, IL-12 and TNF-α. It is also known as the regulator of the activity of cells associated with the immunological response \[[@CR55]--[@CR57]\]. IL-10 down-regulates secretion of proinflammatory cytokines through an autocrine negative-feedback loop. It also increases the fraction of macrophages and enhances their phagocytic activity, contributing to anti-inflammatory effect due to cell debris clearance \[[@CR58]\]. In our experiments, generation of the ED1- and Iba1-positive cells stimulated by the factors released by OPC-released factors might be related to the OGD-triggered cell death. The engagement of the newly formed cells in the debris elimination might contribute to anti-inflammatory effect and create of the microenvironment more permissive for the restorative processes. The neutralization experiment using the IL-10 specific antibody has been carried out with the aim of explaining the beneficial influence of oligodendroglial progenitors on the hippocampal slices. Blocking IL-10 activity resulted in a reduced number of cells expressing Iba 1 and ED1 and enhanced cell death in the injured tissue. The observation corroborated the previous reports describing the trophic support provided by IL-10 to the neurons \[[@CR59]\].

Our finding revealing that the oligodendroglial progenitors are a source of anti-inflammatory interleukin 10 is of a significant importance in cell replacement therapies. The engraftments of neural SCs and glia-committed progenitors (OPCs) are planned to be used in the treatment of leukodystrophies with different etiology, very often accompanied by the local inflammation \[[@CR60], [@CR61]\]. The secretion of anti-inflammatory interleukin(s) modifying the ongoing destructive inflammatory process could contribute to the reported functional improvement observed after OPCs transplantation in spite of the lack of the confirmed remyelination \[[@CR62]\], as well as to the resumption of endogenous myelinogenesis \[[@CR63]\].

Stem Cell Factor Contributes to Neuroprotection {#Sec26}
-----------------------------------------------

Stem cell factor (SCF) is known to play an important role in the cell fate-choice and migration during different physiological processes---hematopoiesis, melanogenesis, gametogenesis, the formation of mast cells, as well as in promotion of neurogenesis \[[@CR64]--[@CR66]\]. Moreover, SCF has been identified as a potent chemoattractant for the neural progenitors and as a factor triggering outgrowth-promoting mechanisms \[[@CR67]--[@CR69]\]. It was found previously that SCF is activated in the selected models of injury and exerts protective activity in both non-neural and neural tissue \[[@CR70]--[@CR72]\]. This is consistent with our observation that the neutralization of SCF abolished the neuroprotective effect of oligodendroglial progenitors to the OGD-exposed cells in hippocampal slices.

Beneficial Properties of the Oligodendroglial Progenitors {#Sec27}
---------------------------------------------------------

Oligodendroglial progenitors seem to be among the first cells to react to CNS insult \[[@CR73]--[@CR75]\]. On one hand, they are the source of factors modifying the local milieu. On the other hand, OPCs are extremely sensitive to the microenvironmental clues which regulate their crucial processes like survival, fate choice, proliferation and differentiation \[[@CR76], [@CR77]\]. Their sensitivity makes them vulnerable to excitotoxic insults but OPCs are also susceptible to external manipulation for the purpose of favoring the desired regenerative processes. Moreover, their fate-choice and maturation was significantly modified in the vicinity of the spinal cord slices \[[@CR78], [@CR79]\]. The reports published by other groups revealed the region-specific multipotentiality of these glia-committed progenitors \[[@CR80], [@CR81]\]. Taken together, the ability of OPCs to acquire different phenotypes might be important for the future strategies aimed at restoring the structural and functional tissue.

The present study has been focused on the protective effect exerted by oligodendroglial progenitors on organotypic hippocampal slices. It has been shown that the factors released from OPCs have beneficial influence on hippocampal cell survival and proliferation, making therefore way for initiation of tissue regeneration. The observed effects were still more pronounced in OGD-subjected slices, in which a massive neuronal death is typically observed immediately and during a few days following the insult \[[@CR26], [@CR82]\]. Those promising results prompted us to check some distinct types of factors which could be engaged in observed cell stimulation. Blocking experiments pointed towards BDNF, SCF and IL-10 as the active factors contributing to protective effects. The beneficial influence of OPCs could be based either on the direct enhancement of cell proliferation and neuroprotection by factors released by the examined cells or/and on the mediatory paracrine stimulation triggering cell response in tissue slices. This broad and fascinating issue still requires an extensive research by means of different approaches, which has been currently undertaken also in our laboratory. Keeping in mind that the molecular analysis of mRNA profile pointed to many other potential compounds with distinctive biological functions, it opens new perspectives for studies on OPCs biology and their utility for the therapeutic purposes. In particular, the neuroprotection exerted by soluble factors, revealed in the presented study, indicates the endogenous potency of CNS for dealing with the occurring insults. The ability of OPCs for mobilization and chemotaxia, shown in many reports, makes it possible to expect these cells to migrate towards penumbra and to confer neuroprotective and trophic support. The same might be anticipated after OPCs transplantation meant as a cure for ischemia; however, predicted results remain to be evaluated by in vivo observations.

The obtained results suggest that the OPCs share at least some properties with SCs. They are able to protect neurons from cell death in the pathological conditions occurring to nervous tissue and to stimulate the anti-inflammatory response by promoting the proliferation of specialized cells like microglia/macrophages, in addition to immune effects exerted in ischemia by blood-derived leukocytes. Taking into account their reported multi-potency and susceptibility to fate modulation by the extracellular cues, the OPCs seem to possess the properties valuable to the regenerative medicine. They could modify traumatized microenvironment, diminishing inflammatory processes and delivering trophic factors.

In conclusion, the presented study reveals the advantageous qualities of oligodendroglial progenitors which are the source of paracrine factors being able to neuroprotect traumatized tissue and stimulate proliferation of neural progenitors and cells associated with immunological response. In this way, OPCs might modulate the local microenvironment, making it more conducive to endogenous restorative mechanisms.
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